Abstract-A series of experiments was conducted in order to determine the reaction kinetics of various types of heart rate monitoring electrodes. In addition, nonmotion on-body measurements were performed in order to gauge how the difference in reaction kinetics translates to the electrocardiogram signal. Standard solid-gel Ag/AgCl single use monitoring electrodes are used here as the gold standard to which textile electrodes can be compared. The test method created here will serve as a basis to evaluate future heart rate monitoring electrodes.
INTRODUCTION
Wearable monitoring systems have flooded the health and sports industry in recent years. Heart rate monitors have taken many forms, relying on a wide variety of different measurement techniques to measure the heart rate signal [1] [2] [3] . Despite these recent advancements, commercially available systems still require improvements in many aspects, including battery life, wearability and signal acquisition to become reliable monitoring systems, equal to current inpatient monitoring [4] . Standard Ag/AgCl disposable monitoring electrodes rely on the well-known AgCl + e -↔Ag + Cl -reduction-oxidation reaction to produce clear, reliable electrocardiogram (ECG) signals for inpatient monitoring [5] . However, these electrodes are not suitable for athletic monitoring for many reasons, most notably the discomfort of the user and the preparation needed before application. Recent developments in silver coated fabrics make it possible to create a comfortable, flexible heart rate monitoring electrode. Such an electrode could be used for continuous, real-time motion and nonmotion measurements in daily life. However, currently available textile electrodes do not undergo the reduction-oxidation reaction which allows Ag/AgCl electrodes to deliver such clean measurements at low frequencies. It is important to understand how this affects the quality of measurements given by textile electrodes and if this can be improved.
It is common to try to fix these shortcomings by wetting the electrodes with water, sweat or electrode gel [6] . Another option to improve the signal is to make adjustments to the signal acquisition and processing, by adding more sensors to account for the noise [7, 8] .
However, neither of these solutions addresses the fundamental problems associated with textile sensors.
In this research, electrochemical impedance spectroscopy (EIS) has been used to compare the characteristics of standard Ag/AgCl electrodes to textile electrodes. The method described below was created for testing of future textile electrodes to quantify improvements. The use of EIS allows reaction and diffusion kinetics of each electrode to be explored. These measurements enable reduction-oxidation reaction behaviour at these electrodes to be profiled, and the associated kinetics to be compared to the standard Ag/AgCl electrodes.
II. EXPERIMENTAL

A. Electrochemical Impedance Measurements
All EIS measurements were performed in a TestEquity model 107 temperature chamber (TestEquity, United States).
Each of the samples was tested at 5 temperatures: 1°C, 13°C, 25°C, 37°C and 49°C. The samples were measured using a Solartron 1260 Impedance Analyzer and Solartron 1294A Impedance Interface (Solartron Group, United Kingdom). The AC level was set to 1.000 mV and the testing procedure was divided into the following three sections.
Section 1: Frequency sweep from 1.000MHz to 10.000Hz recording 10 measures per decade. Impedance was measured over a 2 second integration.
Section 2: Frequency sweep from 10.000 Hz to 10.000 mHz recording 10 measurements per decade. Impedance was measured over a 3 cycle integration.
Section 3: Frequency sweep from 10.000 mHz to 1.000 mHz taking 5 measurements per decade. Impedance was measured over a 3 cycle integration.
B. Ag/AgCl Electrodes
3M Red Dot 2230 diaphoretic monitoring electrodes (3M, United States) (Fig. 1A) were chosen as the Ag/AgCl electrodes due to their common use in the field and quality of measurement. Two of these electrodes were adhered together, as shown in Fig. 1B , for each test. The EIS leads were attached to the buttons on each electrode in a pseudo 4 terminal fashion. The electrode pair were then put inside a temperature chamber and set to the appropriate testing temperature. The contents of the chamber were allowed to come to an equilibrium temperature for 1.5 hours before the test began, to ensure no changes in temperature occurred during the test. The test was allowed to run overnight and the data were collected and analyzed the following morning.
C. Textile Electrodes
The textile electrode used was an adidas textile strap (adidas, Germany) shown in Fig. 2A and B. A custom holster was made to hold the textile electrode inside the temperature chamber while only allowing a known surface area (2.54 cm 2 ) to be in contact during the experiment.
The holster (Fig. 3 ) was made of poly(methyl methacrylate) (PMMA), and cut to specifications with a laser cutter. The top and bottom pieces of PMMA are 12.6 cm x 7.5cm with a 0.9 cm thickness. The middle section of PMMA is 12.6 cm x 13.9 cm with a 1.5 mm thickness. 10 cm bolts were used in combination with 7cm springs to hold the PMMA together and apply even pressure over the sensor. A 1.8cm diameter hole was cut into the middle section of PMMA to allow for an interface between the two textile electrode sensors.
The gel filled sponge from a 3M Red Dot 2230 diaphoretic monitoring electrode was used as the electrolyte interface for the textile electrodes to help remove as much variability in the experiment as possible. The textile electrode was then folded in half and inserted into the holster. The entire holster was then placed in the temperature chamber and leads were attached to the conductive silver wire in a pseudo 4 terminal fashion. The temperature chamber was then set to the appropriate testing temperature and allowed 1.5 hours for the contents of the temperature chamber to come to equilibrium. The test was allowed to run overnight and the data were collected and analyzed the following morning.
D. On-body Measurements
Two CASE 8000 Exercise Testing Systems (GE Healthcare, United Kingdom) were used to monitor resting ECG measurements of a healthy adult male with both textile and Ag/AgCl electrodes simultaneously. Data were acquired 978-1-4673-7201-5/15/$31.00 ©2015 IEEE through digitization of printed measurements from the CASE 8000 systems. A three terminal configuration was used for all on-body measurements. Digitization was completed by scanning the printed measurements and using MATLAB (MathWorks, United States) to analyse and translate the image into a data series.
III. RESULTS AND DISCUSSION
The purpose of this series of experiments was to create a fast and efficient test method to determine the ability of an electrode to measure the heart rate. Our goal is to improve the signal quality received from textile electrodes through a better understanding of electrode fundamentals. With this in mind, a body of comparative measurements were performed to enable comparisons with established approaches. Because of this goal, our focus was on determining the reaction kinetics of disposable electrodes and comparing these to currently employed textile electrodes.
The data sets were analyzed in ZView (Scribner Associates, United States). An equivalent circuit fit was performed on each of the data sets shown in Fig. 4 and the results were tabulated in Table 1 and 2. The equivalent circuit models used are shown in Fig. 5 . In these circuits, R1 represents the electrolyte diffusion kinetics; R2 represents the reaction kinetics; CPE represents the electrolyte interface; and L1 represents the inductance of the wire.
As shown in Fig. 6 , the R1 values of both the textile and 3M electrodes show comparable downward trends.
The textile electrodes display preferable results for this parameter, displaying an average resistance of 75.10±5.47 percent lower than the 3M electrodes. a. This data point was excluded from the graph (Fig. 10) as it is not consistent with the data set and would skew the results. The ratio of other 4 temperature pairs is 0.897±0.054, while the ratio for 1° is 0.013.
3M Red Dot 2230 Equivalent Circuit Fit Data
The 3M electrodes follow a strict pattern with increasing temperatures. Each test shows coupling with a test of the same temperature (Fig. 4) . In addition, the R2 values calculated from the equivalent circuit show an exponential decrease (Fig. 7) , indicating strong temperature dependence. This suggests what we already know; that the Ag/AgCl electrodes rely on a reduction-oxidation reaction to detect heart rate.
The addition of R2 into the equivalent circuit generates a closer fit to the graphs of textile electrodes at times. The significance of this has yet to be determined, however it is believed that there is a process occurring in the textile electrodes that has not been accounted for in the circuit model. Given that there could be no correlation made between the textile R2 values and temperature, it is believed that the At low frequencies the imaginary impedance is heavily influenced by R2 and CPE. As these two components are in parallel, if one process becomes insignificant, the other will dominate. This can be seen in Fig. 4B . At low frequencies, the effect of R2 in the textile electrodes diminishes, allowing the CPE to increase without limit. The 3M electrodes however, do not follow this trend, and reach a plateau established by R2. Fig. 8 and Fig. 9 display the component parts of the constant phase element (CPE) as derived from the following equation [9] :
where Z is the impedance of the electrode, j is the imaginary number, ω is the angular frequency, α is the CPE exponent and Q is CPE coefficient. α is defined to be a number between 0 and 1, where 0 is a perfect resistor and 1 is a perfect capacitor [9] . As evidenced in Fig. 8 , the textile electrode is behaving more capacitively, showing higher α values, while the 3M electrode behaves more resistively, with lower α values. If the textile electrode behaves as a capacitor, then it is expected that there will a build-up of charge over the surface that will eventually discharge. This process could result in visible noise that is common in textile electrodes.
Q is proportional to the area of the electrode [9] , which explains the higher resistance observed for the textile electrodes (Fig. 9) . While the dimension of exposed electrode was kept constant, a fabric section will always have a larger surface area in contact due to its structure.
Finally, the L1 data (Fig. 10) shows little variation between the two types of electrodes. This is to be expected, as the type of wire is kept constant throughout the testing process and is not dependant on the type of electrode. table 1 and  table 2. 978-1-4673-7201-5/15/$31.00 ©2015 IEEE
The on-body ECG measurements show how crucial the reduction-oxidation reaction is to the generation of clean, accurate measurements. Fig. 11 and Fig. 12 compare the ECG measurements from the Ag/AgCl and textile electrodes on a healthy adult male both without (Fig. 11 ) and with electrode gel (Fig. 12) .
There is a small phase shift between the 3M and textile electrodes which can be noted from Fig. 11 and Fig. 12 . This phase shift can be explained by the placement of the electrodes on the body. Because the electrodes cannot be placed in precisely the same position on the body, at the same time, there is a difference in the time needed for the signal from the heart to reach each type of sensor. The 3M electrodes were placed slightly higher on the body, and therefore closer to the heart, which accounts for the slightly earlier detection of signal by these sensors.
Without electrode gel, the textile electrodes showed erratic behavior, with sudden increases and decreases in heart rate that were not present with the 3M electrodes. Fig. 11 illustrates the 3M measured heart rate of 74 beats per minute (bpm) and the textile electrode measured heart rate of 40 bpm. While this is behavior is less erratic with the application of electrode gel (78 bpm versus 74 bpm for the 3M and textile electrodes respectively), the signal is still much stronger and more stable for the 3M electrodes than the textile electrodes.
IV. CONCLUSION
The human heart rate produces a signal at very low frequencies. Because of this, it is of strict importance that the electrodes used to monitor this process have high sensitivity at low frequencies.
Because R2 has a strong influence in impedance at low frequencies, it was assumed that this parameter would determine the effectiveness of the electrode. Fig. 4 suggested that the textile electrodes were dominated by the CPE at low frequencies, while the 3M electrodes had a stronger R2 influence. Fig. 9 supports this interpretation, illustrating the differences in capacitive and resistive tendencies of the textile and 3M electrodes, respectively. As expected, the 3M electrodes showed an exponential decrease in charge transfer resistance with increasing temperature, in accordance with the reduction-oxidation reaction mechanism.
The lack of correlation of charge transfer resistance to temperature in Fig. 7 suggests that the textile electrode temperature dependence varies unpredicably. This, of course, was also expected as blocking electrodes are typically modeled without the inclusion of an R2 value.
On-body measurements can be improved by using standard electrode gel to improve the skin contact. However, as shown in the impedance data, this quick-fix still cannot compare to the influence of a strong R2 component and ultimately creates further discomfort for the user. Understanding these limitations and how they can be reduced will provide a clear pathway data from table 1 and  table 2. 978-1-4673-7201-5/15/$31.00 ©2015 IEEE
